Abstract. Deregulated cell signaling pathways result in cancer development. More than one signal transduction pathway is involved in colorectal cancer pathogenesis and progression. Koetjapic acid (KA) is a naturally occurring seco-A-ring oleanene triterpene isolated from the Sandoricum koetjape stem bark. We report the cellular and molecular mechanisms of anticancer activity of KA towards human colorectal cancer. The results showed that KA induces apoptosis in HCT 116 colorectal carcinoma cells by inducing the activation of extrinsic and intrinsic caspases. We confirmed that KA-induced apoptosis was mediated by DNA fragmentation, nuclear condensation and disruption in the mitochondrial membrane potential. Further studies on the effect of KA on cancer pathways show that the compound causes down-regulation of Wnt, HIF-1α, MAP/ERK/JNK and Myc/Max signaling pathways and up-regulates the NF-κB signaling pathway. The result of this study highlights the anticancer potential of KA against colorectal cancer.
Introduction
Colon cancer is the third most common malignancy worldwide (1) . Chemotherapeutic agents target neoplastic tissues by activating the apoptotic machineries in cancer cells. The frequency of apoptosis could contribute to cell loss in tumors and promote tumor regression (2) . Apoptosis is accompanied by a series of morphological changes including cell shrinkage, plasma and nuclear membrane blebbing, organelle re-localization and compaction, chromatin condensation and production of membrane-enclosed particles containing intracellular material known as apoptotic bodies (3) .
Natural products are considered as a mainstay in cancer treatment, 60% of worldwide anticancer drugs between 1983 and 1994 are from natural origin (4) . The impact of natural products in cancer treatment is clearly obvious, paclitaxel and camptothecin were estimated to account for nearly one-third of the global anticancer market or about $3 billion of $9 billion in total annually in 2002 (5) . Triterpenes are class of phytochemicals which have been found to have strong anticancer activity towards a variety of cancers including colorectal cancer (6) . S. koetjape is a terpenoids-rich traditional medicinal plant belonging to the family Meliaceae, native to Malaysia, Cambodia and Southern Laos (7) . Our previous studies reported strong antiangiogenic and cytotoxic effects of n-hexane extract of S. koetjape on human colon cancer cell line (HCT 116), however, the underlying mechanism was not known (8) . Koetjapic acid (KA) is a seco-A-ring oleanene triterpene isolated from S. koetjape and was found to have mild cytotoxicity on a number of human cancer cell lines and murine lymphocytic leukemia (7, 9) . KA has been found to have anti-bacterial, anti-inflammatory, anti-tumor promoting activity and DNA polymerase inhibition properties (10) (11) (12) (13) . In this study, an attempt has been made to understand the cellular and molecular mechanisms involved in cytotoxic effects of KA towards colon cancer. We also investigated the effect of KA on the activity of the transcription factors of the major 10 pathways involved in carcinogenesis of colon cancer and other cancers as well. The reporter systems consist of transcription factor responsive constructs namely TCF/LEF, RBP-Jk, p53, SMAD2/SMAD3/SMAD4, E2F/DP1, NF-κB, Myc/Max, HIF-1, Elk-1/SRF, and AP-1 which monitor the transcription factor activity of Wnt, Notch, p53, TGFβ, cell cycle, NF-κB, Myc/Max, HIF-1, MAPK/ERK and MAPK/JNK pathways, respectively. Isolation and characterization of KA. KA was isolated from S. koetjape stem bark as previously described (9) . Briefly, 10 g of n-hexane extract was crystallized at -20˚C in 50 ml methanol:acetone at 1:1 v/v. The collected crystals (500 mg) were re-crystallized in chloroform by solvent evaporation to give colourless prism-shaped crystals (400 mg). The melting point of the compound was recorded using DSC. The IR Spectrum was recorded with KBr pellets on a Thermo nexus FT-IR spectrophotometer. The 1 H NMR spectrum was recorded in (DMSO-d6) at 298 K on a Bruker 400 MHz Ultrashied™ FT-NMR spectrometer equipped with a 5 mm BBI inverse gradient probe. The shift of chemicals was referenced to internal tetramethylsilane (TMS). Standard Bruker pulse programs were used throughout the experiment. Mass spectra were obtained using a LC-MSD-Trap-VL Electrospray ion (ESI) mass spectrometer (Agilent Technologies) by direct infusion method. The samples were prepared in HPLC grade methanol and were injected directly into the ESI source at a flow rate of 5 µl/min. The MS conditions were as follows: negative ion mode; gas (N2) temperature, 325˚C; flow rate, Cell proliferation assay. Cytotoxicity of the KA was evaluated by MTT assay against a panel of human cancer cell lines, viz. HCT 116 (colon), MDA-MB-231 (breast) and Hep G2 (liver). Human colonic fibroblast (CCD-18Co) was used as a normal cell model. Cells were treated for 48 h with KA or 1% ethanol as a negative control. Viability of cells were determined by MTT assay (14) . Assay plates were read using microtiter plate reader (Hitachi U-2000, Japan) at A 570 . The results are presented as percent viability to the negative control (mean ± SD, n=3).
Materials and methods

Chemicals
Colony formation assay. Effect of KA on clonogenicity of HCT 116 cells was studied (15) . In brief, 1000 cells/well in single cell suspension were plated in 6-well plates. Attached cells were treated with KA, betulinic acid (positive control) or 1% ethanol (negative control). After 48-h treatment, media containing the test compounds was removed, cells were washed twice with PBS and fresh media was added. After 7 days the cells were fixed with 4% paraformaldehyde and stained with 0.2% crystal violet. The colonies of >50 cells were counted and the plating efficiency (PE) and the survival fraction (SF) were calculated. Result is expressed as mean ± SD (n=3).
Effect of KA on caspases-3/7, -8 and -9 activities. Following 3-h treatment with KA caspase-3/7, -8, -9 activities were measured in HCT 116 cells, using Glo 3/7, Glo 8 and Glo 9 assay systems (Promega, USA). In brief, caspase reagent was added to the treated cells at 1:1 v/v to the medium. The plate was then incubated for 30 min at room temperature and the luminescence was measured in a plate-reading luminometer (HIDEX, Finland). Result are expressed as mean ± SD (n= 3).
Determination of nuclear condensation by Hoechst 33258
stain. Overnight incubated HCT 116 cells were treated with two concentrations of KA and analysed separately at two different time intervals (6 and 18 h). The cells were fixed in 4% paraformaldehyde for 20 min before staining with Hoechst 33258 stain (1 µg/ml in PBS) for 30 min. Nuclear condensation and cytoplasmic shrinkage were examined under a fluorescent microscope (Olympus, Japan). Cells with bright condensed or fragmented nuclei were considered apoptotic. The number of cells with apoptotic morphology was counted in four randomly selected fields per well. The apoptotic index was calculated as percentage of apoptotic nuclei compared to the total number of cells and presented as a mean ± SD (n=3).
DNA fragmentation assay. HCT 116 cells (5x10 6 ) were treated with various concentrations of KA for 24 h. DNA was extracted with Wizard ® SV Genomic DNA Purification kit (Promega). DNA was analyzed by electrophoresis for 2 h at 100 V in 1.2% agarose gel stained with ethidium bromide. DNA fragments were visualized under ultraviolet light. This experiment was repeated twice.
Effect on mitochondrial potential. To study the effect on mitochondrial membrane potential, HCT 116 cells were treated with KA and were assessed for retention of rhodamine 123. Confluent culture of HCT 116 was treated with KA at 20 µg/ml for 6-and 18-h intervals then fixed with 4% paraformaldehyde for 20 min and stained with rhodamine 123 (5 µg/ml) for 30 min. The cells were photographed using an inverted fluorescent microscope at x20 magnification. Cells with depolarized mitochondria appear more brightly stained than normal non-apoptotic cells (16, 17) . Brightly stained cells were counted in four randomly selected fields per well. The apoptotic index was calculated as percentage of apoptotic mitochondria compared to the total number of cells and presented as a mean ± SD (n=3).
Luciferase assay. The effect of KA on the 10 different transcription factors involved in carcinogenesis was investigated by the Cignal™ Reporter Assay (SA Biosciences, USA). The assay was performed in 96-well plate format according to the manufacturer's instructions. Briefly, HCT 116 cells were transfected by reverse transfection method using Trans Fast ® liposome transfection reagent (Promega, USA). After over-night incubation, the old medium was aspirated and replaced with 75 µl RPMI complete medium containing KA at 25 µg/ ml or the vehicle. After 6-h treatment, luciferase activity was measured by Dual Luciferase Reporter System (Promega). The luminescence was measured by microplate reader (HIDEX, Finland) and the Firefly/Renilla ratio was generated for each treatment. The result of each particular pathway is presented as a mean of the fold change (relatively to untreated cells) ± SD (n=3).
Statistical analysis.
Results are presented as the means ± SD and differences between groups were compared by the one-way ANOVA and considered significant at P<0.05, 0.01 or 0.001. The statistical analysis was carried out by using SSPS edition 16.0.
Results
Chemical characterization of KA. The KBr infrared spectrum unambiguously revealed the presence of hydroxyl, carbonyl and olefinic groups in the molecule. The broad peak corresponds to the stretching frequency of -OH group. A typical singlet is observable at 1659 cm -1 which is assigned to the C=O stretching mode (1659 cm -1 ). A prominent peak at the region 1548 cm -1 corresponds to olefinic group in the structure. The 1 H NMR spectrum of the compound contained resonances corresponding to eight methyl groups in the region range between δ 0.8760 and 1.7154 all as singlets. The methylene protons (22 H of 11 CH 2 ) resonated as a multiplet at δ 2.4857 to 2.5103 and two 2 protons for two olefinic groups were observed at δ 4.6655 and 4.8819. Thus, the compound was considered to be a secotriterpene. Based on the evidential data from IR and 1 H NMR spectra of the compound suggested the presence of C-3,4-seco-olean-4,12-diene carbon skeleton in the structure and it was characterized as (3,4-seco-olean-4(23),20-diene-3,30-dioic acid which is commonly known as koetjapic acid (Fig. 1A) . The compound was found to exhibit a molecular ion at 470.3 m/z on high-resolution mass spectrometry, indicating an elemental composition of C 30 H 46 O 4 . The measured mp was 290-292˚C, the reported mp was 296-298˚C (7). The crystallographic structure of KA was resolved by X-ray crystallography as previously described (9) .
Anti-proliferative efficacy of KA. Cytotoxicity of KA was evaluated using MTT assay on HUVECs, HCT 116, MDA-MB-231 and Hep G2 cell lines. KA was found more cytotoxic on the colorectal cancer HCT 116 cells with median inhibitory concentration (IC 50 ) 18.88±0.65 µg/ml when compared to other cell lines (P=0.000) (Fig. 1B) . The clonogenicity study on HCT 116 cells indicated KA to be cytotoxic rather than cytostatic as evident by the decrease in the SF. The PE was 38.1±4.6%, SF at 50 and 75 µg/ml was almost 0.0%. However, at lower concentrations, 12.5 and 25 µg/ml, the SF was 55.3±1.6% and 41.9±1.4, respectively (Fig. 2) .
KA induces apoptosis by activating caspase-3/7, -8 and -9.
An attempt was made to study the mechanism of cell death caused by KA. Treatment of HCT 116 cells for 3 h was found sufficient to cause significant induction of caspases-3/7 activities. Further studies on the initiator caspases-8 and -9 showed a 3-fold increment of the caspase activity in HCT 116 cells treated with KA when compared to untreated cells. Statistical analysis indicates that the induction of caspase-9 activity was moderately higher than caspase-8, which indicates stronger role of the mitochondrial pathway in cell death induced by KA (Fig. 3) . 
A B
Hoechst 33258 stain. Only the cells treated with vehicle showed uniform staining of nucleus. On the contrary, typical changes in the chromatin structure were observed in cells treated with KA at 40 µg/ml. The chromatin structure condensed progressively in a dose-and time-dependent manner forming clusters against the nuclear periphery and/or crescent shaped cell morphology at higher concentrations (Fig. 4A) . At 20 µg/ml, KA caused the nuclei to shrink and the chromatin to collapse into high density structures. The apoptotic indices after 6-and 18-h treatment with KA at 40 µg/ml were 27.3±6.88 and 60.3±3.89%, respectively, and at 20 µg/ml, the apoptotic indices were 12±1.4 and 30±5.21%, respectively.
KA caused DNA fragmentation. To investigate the effect of KA on late events of apoptosis, DNA of treated HCT 116 cells was analyzed on agarose gel electrophoresis. A clear dose-dependent laddering pattern was observed within the concentration range of 10-40 µg/ml (Fig. 4B) .
KA reduces mitochondrial membrane potential. Rhodamine 123, a cationic fluorescent dye whose mitochondrial fluorescence intensity decreases quantitatively in response to dissipation of mitochondrial transmembrane potential, was used to evaluate disturbances in mitochondrial membrane potential (16) . Cells were exposed to rhodamine 123 and the intensity of rhodamine in the cells was observed. Rhodamine was readily taken up by the untreated cells, whereas minimum uptake of rhodamine is seen in the treated cells (Fig. 4C) . The apoptotic indices after 6-and 18-h treatment with KA at with 20 µg/ml were 20.4±6.3 and 30.1±2.7%, respectively. This result signifies that, there is a reduction in the mitochondrial membrane potential of HCT 116 cell line after treating with KA. However, no significant changes were observed in transcriptional activity of Notch, p53, TGFβ and pRb-E2F (Fig. 5 ).
Discussion
Previously, we have shown that n-hexane extract of S. koetjape bark has potent cytotoxic activity as well as anti-angiogenic properties (8) . Fractionation and crystallization of the extract has led to a more detailed understanding of the KA molecular structure confirming previous findings (7, 9) . In this study, our results show that KA has significant anticancer activity towards HCT 116 colorectal carcinoma cells via the apoptotic pathways. KA compound was found to be selectively more cytotoxic towards HCT 116 (IC 50 18.88 µg/ml) than MDA-MB-231, CCD-18Co and Hep G2 (Fig. 1B) . HCT 116 cells treated with KA displayed elevated levels of caspase-8 and -9 as well as caspase-3/7 (Fig. 3) . These findings are complimentary with work done by other researchers who have shown that caspase-8 alone may be insufficient to execute cell death, thus, it concomitantly interacts with the intrinsic apoptotic pathway by causing damage to mitochondrial membrane which in turn releases cytochrome c (18) . We found that KA caused a dose dependent DNA fragmentation, nuclear fragmentation and chromatin condensation in HCT 116 cells leading to apoptotic body formation (Fig. 4A and  B) . We also studied the effect of KA on cell colony formation in order to assess if the cytotoxic effect of KA on HCT 116 cells is reversible. The colony formation assay is also able to distinguish between cytotoxic and cytostatic compounds (19) . The calculated IC 50 of KA in this assay was 15.78 µg/ml. The effect was found to be cytotoxic rather than cytostatic as evidenced by a decrease in a clonogenic survival (Fig. 2) . The results showed that KA perturb the ability of single cells to grow into colonies, thus KA inhibited the proliferative properties of HCT 116 cells.
Failure in reducing the MTT reagent into formazan salt, elevated levels of caspase-9 and -3 in HCT 116 cells and significant decrease in rhodamine fluorescent intensity after treatment with KA suggest that KA may have caused mitochondrial damage (Fig. 4C) . The result of the rhodamine study implies that, KA can induce mitochondrial permeability transition through an increase in intracellular cation concentrations, and can cause a significant loss in mitochondrial membrane potential which is an important prerequisite in the activation of apoptosis (20) .
To detect the possible signaling pathways that contribute to apoptotic cell death in HCT 116 cells caused by KA, we assessed the early changes in a series of signaling pathways controlling cell cycle and apoptosis. The effect of KA on ten signaling pathways involved in colorectal cancer pathogenesis and progression was investigated by measuring the activity of the transcriptional factors representing these pathways namely TCF/LEF (Wnt), RBP-Jκ (Notch), p53 (p53/DNA damage), SMAD 2/3/4 (TGFβ), E2F/DP1 (cell cycle/pRb-E2F), NF-κB (NF-κB), Myc/Max (Myx/Max), HIF-1α (Hypoxia), Elk-1/ SRF (MAPK/ERK), AP-1 (MAPK/JNK). Wnt signaling is important in maintaining stemness in normal colon stem cells and hyper-activation of this pathway is common in most colon cancers (21) . Around 80% of sporadic colon cancer patients have mutation in the tumor suppressor gene APC and its function was identified as a down-regulator of Wnt pathway (22) . It is widely accepted now that mutations either in APC or Wnt/ β-catenin pathway are the earliest events in colon oncogenesis (23) . Using Wnt signaling activity as a readout, we found that KA caused down-regulation of Wnt possibly by affecting the formation of β-catenin/Tcf4 complexes (24) . Many studies have highlighted the important role of Wnt-β-catenin pathway in colorectal cancer and their potential as the optimal target for cancer drugs (25, 26) .
Based on numerous basic and clinical observations, NF-κB suppression is often interpreted as a potential future of chemotherapeutics to curb tumorigenesis (27) . Nevertheless, recently this proposal has been challenged by several tumor models, particularly in colorectal cancer (28) , in which NF-κB activation has been hypothesized as a safeguard against tumorigenesis. In addition to regulating cellular responses to cytokines and pathogens, the NF-κB pathway plays an essential role in controlling cellular growth properties and apoptotic cell death (29) . In the present study, our findings showed a significant up-regulation of NF-κB pathway in KA treated HCT 116 cells. This result correlates with that of aspirin on colon cancer cells (28) . Aspirin, a non-steroidal anti-inflammatory drug, induces apoptosis in colon cancer cells by up-regulating the NF-κB signaling pathway. KA was reported to have anti-inflammatory property (13) , and most probably similar to aspirin, it may stimulate NF-κB through nuclear translocation of NF-κB complexes.
Another important element in cancer is the Myc cellular protein. Myc has a vital role in the proliferation of cells, and is crucial for the maintenance of stem cell compartments and the balance between self-renewal and differentiation in multiple tissues, including the intestinal crypts (30) . Myc is deregulated and overexpressed in most cancer cells, where it impairs the diverse intracellular and extracellular regulators of proliferation of normal cells and transforming them into cancer cells (31) . Therefore, inhibition of Myc gene may evolve into a useful chemotherapeutic strategy. In the present study, the results show that KA significantly suppressed Myc pathway expression. This provides an additional complementary and substantial evidence of the compound's anticancer efficiency.
In addition to the pathways discussed above, c-Jun NH(2)-terminal protein kinases (JNK) and extracellular signal-regulated kinase (ERK) pathways were also investigated, which are the active members of mitogen-activated protein kinase (MAPK) family. MAP kinases are serinethreonine protein kinases involved in cellular responses to mitogen stimulation, environmental stress, proinflammatory cytokines, and apoptotic stimuli. This pathway is essential for G1-to S-phase progression. MAPKs also serve in stabilization of c-MYC protein (32) . Additionally, MAPKs down-regulate more than 170 tumor suppressor genes such as: Tob1, JunD and Ddit3 which inhibit cell growth and proliferation (33) .
Recent studies have shown that MAPK cascade plays a central role in angiogenesis by specifically inducing VEGF mRNA expression (34) . MAPK cascade controls growth and survival directly at the level of tumor cells and by its paracrine action via VEGF secretion, hence it represents a target of choice for therapeutic intervention in cancer. In this study, we found KA caused a significant down-regulation of these MAPK associated genes that could provide supporting evidence for pro-apoptotic activity.
The findings have revealed that few transcriptional factors (TGFβ, Notch, pRb-E2F and p53) are not affected upon treatment with KA. It is not clear whether p53-independent apoptosis is a common phenomenon induced by large number of drugs or p53-independent apoptosis pathways are rare (35) . Many drugs were reported to induce independent p53 apoptosis for instance, taxol (36) . p53 is mutated in about 50% of human tumors (37) , which may contribute to resistance to major chemotherapeutics. Thus, identifying drugs that induce p53-independent apoptosis is valuable.
The result of this study clearly highlights the potential use of KA in prevention or treatment of colon cancer by targeting the multiple genes that are critical in carcinogenesis.
